In the present paper, aluminum chromium nitride (Al-Cr-N) films were deposited onto AISI H13 steel substrates by a reactive d.c magnetron co-sputtering system in an atmosphere of Ar/N 2 (90/10) gas mixture from a binary target composed of chromium (99.95%) and aluminum (99.99%). Different powers (40, 50, 60, and 70 W) were applied to the target, in order to study the effect of this parameter and the sputtering yield of binary target, on the microstructure and the electrochemical properties of the Al-Cr-N coatings. The corrosion behavior in 3.5 wt. (%) NaCl solution was investigated by electrochemical corrosion tests (Tafel polarization curves and Electrochemical Impedance Spectroscopy (EIS)), and the chemical composition, microstructure and the absorption bands by means of Energy Dispersive X-ray Spectroscopy (EDX), X-ray diffractometry (XRD) and Fourier Transform Infrared Spectroscopy (FTIR), respectively. EIS results showed that the Al-Cr-N coating deposited at 40 W, exhibited the lower porosity and the highest polarization resistance, and subsequently, when the power applied to the binary target increased, the corrosion rate and the porosity increase.
Introduction
In many industrial applications, metal nitride hard coatings are commonly used [1] [2] [3] [4] [5] . Currently, the properties required by these coatings are not only focused on durability or hardness, as on the extreme conditions of production. For this reason, the work tools require combining those properties with corrosion resistance. Such coatings are usually deposited by PVD techniques, allowing the formation of thick films, as well as high adherence to the substrate. Additionally, deposition needs to be performed at low temperatures 6, 7 to avoid microstructural changes that will occur in the steel substrate. Chromium nitride has been successfully applied in molding dies, wear components, cutting tools, including metal processing devices, because of its superior corrosion resistance and relatively high hardness and wear resistance [8] [9] [10] [11] . Recently, Al-Cr-N ternary coatings have also shown better resistance to oxidation [12] [13] [14] [15] [16] , given that chromium and aluminum can form protective oxides that suppress oxygen diffusion. The aim of this work is to study the effect of varying the applied power to the binary Cr-Al target in a (Ar/N 2 ) gas mixture on the structural and electrochemical properties of Cr-Al-N films deposited by the dc reactive magnetron co-sputtering technique. The chemical composition was determined by Energy Dispersive X-ray spectroscopy (EDX), the crystallographic structure by X-ray diffractometry (XRD), chemical bonds in the films were examined by Fourier Transform Infrared (FTIR) spectroscopy, and electrochemical properties were characterized via Electrochemical Impedance Spectroscopy (EIS) and Tafel polarization curves. Finally, the degradation process of the films was qualitatively analyzed by optical microscopy.
Experimental Details
Aluminum chromium nitride (Al-Cr-N) films were deposited onto AISI H13 steel substrates by reactive d.c. magnetron co-sputtering system in an Ar/N 2 (90/10) gas mixture from a metallic binary target (1:1 area ratio Cr-Al) composed of chromium (99.95%) and aluminum (99.90%), by applying different powers to the target (40, 50, 60, and 70 W) to study the effect of this parameter on the microstructural and electrochemical properties of the Al-Cr-N coatings. The chemical composition of the hot working tool steel (AISI H13) is listed in Table 1 . Samples were mechanically polished using 1200 grit SiC for the final step. After this, samples were polished with 0.5 μm alumina slurry. The substrates were then cleaned ultrasonically in acetone for 10 minutes. The deposition chamber was evacuated to a base pressure of 5.0 × 10 -4 mbar, and the working pressure was 2.8 × 10 -3 mbar. The binary target and substrate were sputter-cleaned for 20 minutes, before film growth. A buffer layer of Al-Cr with a thickness about 100 nm, was previously deposited for 4 minutes in order to improve the adhesion Al-Cr-N to the steel substrate. During the deposition process of Al-Cr-N coating for 1 hour, the substrate temperature (400 °C), and the target-substrate distance (5.0 cm) were kept constant.
Superficial characteristics were determined using Scanning Electron Microscopy (SEM) equipped with a high sensibility detector (multi-mode) for scattering electrons. The chemical composition of the single layer coatings was determined by energy dispersive x-ray (EDX) analysis with a high-purity Ge EDX detector for the reliable acquisition of EDX spectra using a Philips XL 30 FEG. Analyses to identify the characteristic bonds at single layer systems were done by Fourier Transformed Infrared spectroscopy (FTIR) in transmittance mode using a Shimatzu 8000 (600-3500 cm -1 ) spectrometer which uses a Nerst ceramic source. The thicknesses of Al-Cr-N single-layered system were obtained by means of a Dektak 3030 profilometer.
The electrochemical study was carried out with a Gamry PCI4300™ Potentiostat, which has a Gamry Framework Version 4.21/EIS 300 software, through Electrochemical Impedance Spectroscopy (EIS) and Tafel polarization curves techniques at room temperature by using a cell (300 mL volume) with a conventional three-electrode configuration, which uses a working electrode of an Al-Cr-N sample within an exposed area of 1 cm 2 , a reference electrode (Ag/AgCl), and a platinum wire counter-electrode under 3.5% NaCl solution with distilled water. The electrochemical behavior of the electrolyte was studied by using Electrochemical Impedance Spectroscopy (EIS) at the Open Circuit Potential for 30 minutes to establish stable Open Circuit Potential (OPC) values at which the EIS measurements were initiated. For Nyquist diagrams, frequency sweeps were conducted in the range of 10 4 to 10 -3 Hz, using a sinusoidal voltage perturbation with signal amplitude of 10 mV. Measurements were carried out on a set of three different replicate samples. Anodic polarization curves were recorded at room temperature (~25 °C) after 30 minutes exposure to the test solution, in a 3.5% NaCl aqueous solution (pH ~ 8). All potentiodynamic measurements were performed at a potential scanning rate of 0.16 mV/s. The potential range was from −250 mV to 250 mV vs. OCP. The degradation of Al-Cr-N films, depending on the attack in the NaCl aqueous solution, was monitored by an optical Olympus PME-3 microscope.
Results and Discussion

EDX and SEM analysis
The morphology of the films deposited at different sputtering powers is shown in Figure 1 . As can see from these micrographs, our Al-Cr-N coatings does not present big shallow craters, cone structures or dish-like holes arising from wrenching of the cone structure, but as can be seen from the SEM images, they present pin-holes that could extending through the whole coating, which are originated from a small hole in the substrate due to its mechanical polished, until the PVD process 17 . EDX analysis of the deposited Al-Cr-N coatings is shown in Figure 2 . The different power applied to the binary target has an obvious effect over atomic concentrations. While the N keeps practically constant, the oxygen presents the higher concentration (~25%) at 40 and 50 W and decreases to the approximately 17% at 60 and 70 W. On the other hand, when the power applied to the binary target is increased, the Cr concentration has a tendency to reach a saturation value, while the Al after 50 W power, shows a tendency to keep constant.
XRD analysis
The XRD patterns for the Al-Cr-N coatings, deposited at powers of 40, 50, 60, and 70 W, are shown in Figure 3 . It can be seen that for an applied power of 40 W, the main peak in the XRD pattern corresponds to the coexistence of the reflection planes (111) at 2θ = 37° and (101) at 2θ = 38°[ 18] , associated to the cubic (c) and hexagonal (h) phases of CrN and AlN, respectively. When the power applied to the target increases, a peak emerges at 2θ = 31.7°, corresponding to the (220) reflection plane of AlN cubic phase, which disappears at 60 W. Additionally, from XRD patterns at 60 and 70 W the evolution of the (100) reflection planes can be observed at 2θ = 33.2°, corresponding to the h-AlN phase. In contrast, the peaks that emerge at 2θ = 38.5° and 2θ = 44.7°, are associated to the (111) and (200) reflection planes of Al-Cr cubic phase, respectively. This phase behavior can be attributed to increase of the applied power in a binary target of Al-Cr (1:1), which can promote the formation of Al-Cr phase instead of the Al-Cr-N phase. Particularly, at 70 W the (100) reflection plane of h-AlN phase increases, whereas the (111) and (200) [19] , then at a power of 40 W, the lowest power, the atomic percent of Cr in the coatings is higher that aluminum, which it is possible that favors the CrN cubic phase with a few substitutions of Cr atoms by Al atoms in the crystalline structure. The XRD result for 40 W confirmed the coexistence of CrN and AlN phases. With the increase of the power applied to the Cr-Al binary target, also increase the amount of Cr deposited on the coating until a saturation value, while the amount of aluminum, after 50 W power, shows a tendency to keep approximately constant, causing the emerge of Al-N phases. However, with the increase of the applied power, the ion energy of Ar + increases as well, and for this reason, the Al sputtering yield is approximately similar to the Cr sputtering yield 19 , inducing probably the formation of more amount of c-Al-Cr phase than Al-N phase. Additionally, it can observed in the patterns an irregular changes of the (200) plane reflection at 2θ = 44.20°, related to the CrN cubic phase. Likewise, in the film deposited at a power of 70 W (211) plane reflection presented at 2θ = 61.73°, related to the hexagonal phase of CrN [18, 20, 21] . , associated to the Al-N bonds. Additionally, at 470, 600, and 650 cm -1 , the Cr-O and Al-O oxide bands appear, which is characteristic of these coatings [22] [23] [24] . In conclusion, as can be seen from the FTIR spectra they indirectly confirm the results obtained by XRD because the absorption bands associated to the active Figure 5 shows the Nyquist plots of the substrate and Al-Cr-N coatings immersed in a solution of 3.5% NaCl. In all Nyquist plots shows a capacitive behavior at high frequencies, which defines a flat semi-circle whose center is located below the real axis (the center of the Nyquist plot is rotated below the real axis with an angle Φ).This phenomenon of flattening of the semicircle is associated with a process of dispersion in the frequency, because the electrode surface is not homogeneous. Additionally, there is a diffusion process that aims to define a second semicircle at low frequencies. A capacitive depressed semicircle at high frequencies (HF) and a pseudo-inductive semicircle appearing in the fourth quadrant at low frequencies (LF) can be observed. Figure 5 also includes the simulated data, performed by using the equivalent circuit from Figure 6 . The EIS data were interpreted based on proposed equivalent electrical circuits using a suitable fitting procedure elaborated by Gammy Echem Analyst™ software. The results of the analysis and calculations of the impedance data (averaged from three replicate specimens) are given in Figure 5 . An excellent agreement between the experimental and simulated data is confirmed. Table 2 shows the values of the parameters used in the simulation. independent constants, j 2 = (-1), ω is the angular frequency, and the exponents α and β are between 0 < α, β < 1. Finally, the R s parameter is the electrolyte resistance. The values of α and β (Table 2) , corresponds to the exponential coefficient of the phase angle shift (n/2). The values of α for the coatings and the substrate at high frequency CPE 1 are in the range of 0.58 to 0.86, indicating that the roughness of the surface generates a charge distribution. To low frequency CPE 2 shows a β of 0.64 for 50 W and 0.70 for 70 W, indicating the presence of migration or diffusion of species, and at 40 and 60 W the β values are 0.91 and 0.78, respectively, generating density distribution of charge carriers, i.e., a double layer with a complex structure.
FTIR analysis
EIS analysis
The coating obtained at a power of 40 W shows better polarization resistance values than the coatings deposited at higher powers. The film deposited at a power of 70 W displays the lowest polarization resistance value; however, it shows a higher value than the uncoated AISI H13 steel. Figure 7 shows typical polarisation curves for AISI H13 steel after 30 minutes of immersion in a 3.5% NaCl aqueous test solution at room temperature, and with a scan rate of 0.16 mV.s -1 . A similar shape is observed in the four polarisation curves of Al-Cr-N deposited coatings. The anodic polarization curves shown in Figure 7 indicate that the H13 steel in 3.5% NaCl has a change in their behavior on the anodic branch after the region between potential corrosion, near to the potential of -0.87 V Ag/AgCl, and a potential value of -0.80 V Ag/AgCl . This change can be defined as the beginning of the formation of a weak and thin layer of passivation, whose stability is poor, because after the potential reaches a value of -0.80 V Ag/AgCl , it shows a gradual increase in current density, and then an increase in the dissolution rate of the steel substrate. This suggests that the kinetics of the process is dominated by diffusion, showing a metal dissolution in the evaluated anodic region 28 . Al-Cr-N coatings deposited with 40 W, 50 W, 60 W and 70 W, have general corrosion, but the increase in current density is low. Arriving at a potential close to 0.40 V Ag/AgCl and -0.10 V Ag/AgCl for 50 W and 70 W respectively increases the decomposition reaction indicating an increase in corrosion rate. Therefore, the Tafel polarization curves show that Al-Cr-N coating samples deposited on the AISI H13 steel substrate at a power of 40 W are less reactive or more resistant to corrosion than AISI H13/Al-Cr-N systems deposited at higher powers, being the AISI H13/Al-Cr-N system deposited at 70 W power the most active. The last results agree with the EIS results, and it present in Table 3 .
As it is known, corrosion behavior is not only due to the intrinsic properties of the coating, but also a result of small structural defects, such as pores and micro-cracks, formed during deposition. With the development of electrochemical techniques, it is possible to obtain, besides the corrosion behavior, the porosity (P) of the coatings. Under the assumption that coating is nobler than steel substrate, implies that the corrosion rate of the coating is much less compared with the steel corrosion rate that is obviously the case for the 
where R p,s is the polarization resistance of the substrate, R p,f the polarization resistance of coating-substrate system, ∆Ε corr the corrosion potential difference between the substrate and coating layer, and β a the anodic Tafel constant of substrate. These values of i coor , corrosion rate and porosity were calculated by Equations 1-3, respectively, and are presented in Table 4 . From Table 4 we can observe how the porosity increase and polarization resistance decreases when the power applied to the binary target, increase. The porosity formed during the deposition process is because when we increasing the power applied to the Al-Cr binary target, the Al and Cr atoms becomes more energetic, producing a re-sputtering phenomenon on the coatings surface, additionally, as was indicated before in the SEM micrograph, we can observe the presence of pin-holes in the coatings, consequently, these two effects produce the increase of the electrolyte diffusion through the open porosity to the substrate 31 . When chloride ions (Cl -) spread by capillarity penetrate the pores and other defects, the exposed area begins to experiment an anodic dissolution that generally is propagated laterally, increasing the corrosion rate due to the coating represents a cathode area much larger than the anodic pore area 32 . Coatings growths at high powers (60 and 70 W) had a higher localized corrosion attack on the interfaces evidenced by the decrease of the polarization resistance of the substrate-coating interface (see R ad in Table 2 ).
On the other hand, it can be seen from the Table 4 , when the power applied to the Cr-Al binary target increases, the polarization resistance (R p ) decreases which it is an indicative that the corrosion rate increases; however, as expected, the thickness of the Al-Cr-N films, increases (Table 5 ). This may be related to the microstructure of the coatings, which, for films deposited at a power of 40 W, is dominated by the cubic crystal structure of the Al-Cr-N, and at higher powers, the microstructure is composed of a mixture of the cubic and hexagonal phases of Al-Cr-N, Cr-N, and Al-Cr, with the cubic phase of Al-Cr-N being the most important from the standpoint of corrosion resistance 10 . This phase change in the coatings associated to the variation of the applied power causes a decrease of the corrosion resistance, which can be related to a possible saturation in the amount of Cr and an increase of Al content in the films, when the power applied to the Cr-Al binary target, increases. This effect was confirmed by EDX and XRD results (see Figures 2 and 3) . Furthermore, as was showed in Figure 2 , the presence of oxygen is higher in the coatings deposited at lower applied powers (40 and 50 W) than at higher powers (60 and 70 W). This implies that in the deposition chamber there is the oxygen presence, owing to the residual water vapor. Taking into account the high oxygen affinity with aluminum and chromium, it is probable the growth of Al and Cr protective oxides at lower powers, which improve the corrosion resistance behavior of the all protective system. FTIR analysis confirms the presence of Cr-O and Al-O bands at those lower applied powers.
Optical microscopy analysis
To determine the degradation suffered by the AISI H13 steel substrate with and without Al-Cr-N coatings under the effect of the saline (3.5% NaCl) solution, Al-Cr-N coatings were analyzed by using optical microscopy images. Figure 8 shows the result of the attack on the exposed surfaces generated by the migration of Cl -ions through the coating, showing localized corrosion damage "pits". This effect on the coatings increased when the deposition power applied to the target increased from 40 to 70 W.
The H13/Al-Cr-Al system presenting better properties was obtained at a power of 40 W applied to the target, and it can be observed in Figure 8b that this system does not present significant damage on its surface creating a good corrosion protection for the H13 steel substrate. Contrary to this behavior, coatings deposited at 50, 60, and 70 W present more significant degradation (Figure 8c-e) visually confirm the results obtained by EIS analysis.
Conclusions
In the present study, the influence of the power applied to the metallic binary target (1:1 area ratio Cr-Al), on the formation of Al-Cr-N phases obtained by co-sputtering and their subsequent electrochemical behavior has been evidenced. The results showed, however, that by increasing the power applied to the target, the thickness of the Al-Cr-N films also increases, but the coating presenting greater corrosion resistance was deposited at 40 W (thickness of 1.7 microns) a property that decreased as layer thickness increased (up to 2.7 microns). This is related to the evolution Table 4 . Polarization resistance (R p ), current density (i corr ), and porosity (P) of AISI H13/Al-Cr-N system deposited at different powers compared to the H13 steel. of the phases present in each of the coatings deposited at different powers, where the coating deposited at a power of 40 W has the Al-Cr-N cubic phase, which exhibits the most important effect of corrosion resistance 10 , while at other powers, different microstructures were yielded, composed of a mixture of different phases. The film deposited at a power of 70 W offered less resistance to corrosion. In addition, at lower applied powers (40 and 50 W) the presence of Cr and Al oxides could improve the corrosion resistance behavior of the all protective system.
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